In order to investigate whether defective phages of Bacillus subtilis killed sensitive bacteria by a lysis from without mechanism, the minimal number of phages required for killing was determined. This figure was found to vary with the m.o.i., giving a value of 1 on extrapolation to an m.o.i, of 0. This excluded lysis from without as the only killing mechanism, although it might play a role at high m.o.i.s. This was confirmed by experiments on leakage of ATP and u.v.-absorbing material, the uptake of oxygen and the effect of the phages on the membrane potential. Apart from a short, initial leakage of ATP, the cell membrane was not affected at low m.o.i.s. These results lead to the conclusion that at low m.o.i.s the phages acted on a cytoplasmic component. Treatment of defective phages for 10 min at pH 2.5 resulted in breakdown of the phages without complete abolition of the killing activity. The active component, which was shown not to be DNA, could not be isolated from the mixture, but SDS gel electrophoresis of PBS X and a non-killing mutant of this phage suggested that a protein with a mol. wt. of 85 000 was involved in killing.
INTRODUCTION
Few reports on the effects of the defective phages orB. subtilis on sensitive cells have been published. Okamoto et al. (1968) showed that the synthesis of protein, RNA and DNA is almost completely inhibited within 5 min of infection and that the host DNA which the phages contain is not injected into sensitive cells. Defective phages thus differ in this respect from other phages. A more recent study has shown that the defective phage PBS Z adsorbs into two stages (Steensma, 1981) . A two stage adsorption followed by reaction with the biological target, often resulting in inhibition of macromolecular syntheses, is generally characteristic of a group of lethal biological substances such as bacteriocins, yeast killer factors and phage ghosts. However, the similarity in their killing mechanisms is only superficial, as the biological targets of these agents vary considerably, allowing separation into three groups: those that act on the cell wall, those which act on the cell membrane and those which act on a cytoplasmic component. In order to investigate the killing mechanism Of the defective phages, their effect on sensitive cells was analysed against the background of these mechanisms.
METHODS
Organisms. B. subtilis 168 Wt (collection no. LMD 69.3) and B. subtilis W23 str r (LMD 69.2) were obtained from the culture collection of the Delft Laboratory of Microbiology. B. subtilis RB 1039 and RB 1037 were a gift from Dr R. Buxton. These strains are heat-inducible for PBS X. RB 1037 produces a phage mutant which is unable to kill, due to the xki mutation which maps in the prophage region of the Bacillus chromosome (Buxton, 1976 (Buxton, , 1980 . B. subtilis RUB 824 was obtained from Dr R. E. Yasbin and is sensitive to both PBS X and PBS Z (Yasbin & Ledbetter, 1978) . The preparation of L-forms has been described elsewhere (Steensma, 1981) .
PBS X1 and PBS Z1 were obtained from B. subtilis 168 Wt and W23 str r respectively, by induction with mitomycin C (Steensma & Sondermeijer, 1977) . Young, exponentially growing cultures of RB 1039 and RB 1037 in TY medium (see below) were induced by a temperature shift from 35 to 47 °C (R. S. Buxton, personal communication) . They were incubated further until lysis was complete, usually after 90 min. All phages were purified by CsC1 gradient centrifugation.
Electron microscopy. Electron microscopy and the enumeration of bacteria and phages have been described previously (Steensma, 1981) . Although defective phages do not infect bacteria the term m.o.i, is used to denote the mean number of defective phages added per bacterium.
Media. TY contained per litre: 10 g tryptone, 5 g yeast extract, 10 g NaCI and was adjusted to pH 7.2. TY agar was TY with 2% agar. DP agar has been described by Landman et al. (1968) . Tris-l.5 M-KC1 contained 0.01 M-tris, 0.005 M-MgSO 4 and 1.5 M-KC1 pH 7.2. Determination of the killing unit. A young, exponentially growing culture ofB. subtilis 168 Wt in TY was counted and photographed under the light microscope. PBS Z was added to the culture at various m.o.i.s immediately after a sample of the culture had been plated. Incubation at 37 °C was continued for 30 min, at which time the number of remaining colony-forming units (c.f.u.) and of free phages were determined. The latter was used to calculate the number of adsorbed phages. A suspension without phages and one without bacteria were used as controls. In order to correct for growth during the experiment, the percentage of surviving c.f.u.s was calculated as the quotient of the plate count of the sample and that of the blank without phages after incubation. This percentage could not be obtained from chamber counts because cells did not lyse during the experiment. The use of plate counts, however, made it necessary to correct for the presence of cells in chains as each chain only formed one c.f.u. The incidence and the number of cells in the chains was determined from the micrographs. Let a, b, c etc. be the fractions of chains with respectively 1, 2, 3 etc. cells per chain. Hence, the total number of cells in the culture will be a + 2b + 3c etc. times the number of c.f.u.s. It may be calculated that for a killing unit k the fraction of surviving c.f.u.s will be: A TP determination. ATP was assayed by the luciferase method (Strehler, 1974) . Young, exponentially growing cultures of B. subtilis 168 Wt were infected with PBS Z at various m.o.i.s. Samples of the mixture or the supernatant obtained after spinning off the cells for 30 s at 14 000 g, were taken at the times indicated. Controls consisted of samples without phages and without bacteria. Amounts of 1 ml were mixed with 2 ml tris-borate buffer (0-04 M-tris, 0.04 N-sodium borate pH 9.2) in a boiling water-bath. The mixtures were further incubated in a boiling water-bath for 5 min and cooled in ice. After the addition of 24/A of this mixture to 0.5 ml reconstituted firefly extract (Sigma, FLE-50), light production was measured in a photometer. The ATP levels in the cells were calculated as the difference between the ATP concentrations in the culture and the supernatant.
Leakage of u.v.-absorbing material. Cells of a young, exponentially growing culture of B. subtilis 168 Wt in TY were resuspended in Spizizen minimal medium (Spizizen, 1958) .
Portions of 5 ml of this suspension were mixed with PBS Z at various m.o.i.s and incubated at 37 °C. At the times indicated, samples were centrifuged for 1 min at 14000 g. The absorbance of the supernates was measured at 260 nm against a blank without phages.
Oxygen consumption. Two ml portions of exponentially growing cells ofB. subtilis 168 Wt in TY were pipetted into Warburg vessels with KOH in the centre well and various quantities of PBS Z in the side arm. After equilibration at 37 °C, PBS Z was mixed with the bacteria and the change in gas volume recorded.
Membrane potential. The effect on the membrane potential was measured as a change in the fluorescence of the dye 3,3'-dipropyl-2,2'-thiadicarbocyanine iodide [di-S-C3(5)], which was a much appreciated gift from Dr A. S. Waggoner (Waggoner & Grinvald, 1978) . Cells of B. subtilis 168 Wt grown in TY until the end of the exponential growth phase were diluted 1 : 100 in 5 ml tris-NaC1 buffer (0.01 M-tris, 0.09 M-NaCI pH 7), giving a titre of 2 x 107 to 5 x 107 cells/ml. Amounts of 50 /21 di-S-C3(5) in 50% ethanol were added to give a final concentration of 0.5 /2g/ml (10 -6 M). Excitation was at 620 _+ 3-3 nm and emission was measured at 675 + 5 nm. After equilibration, PBS Z was added at various m.o.i.s and the fluorescence recorded. Controls responded clearly to the addition of 10 -~ M valinomycin or gramicidin.
Osmotic shock of PBS Z. Amounts of 0.2 ml 10 M-LiC1 were mixed with 0-2 ml of a purified PBS Z suspension in tris-l.5 M-KCI in an ice-bath. After 24 h at 4 °C, this mixture was diluted 1 : 100 in ice-cold water.
Dialysis ofPBS Z against low salt buffers.
A purified PBS Z suspension in tris-1.5 M-KC1 was dialysed for at least 24 h against 10 -3 M-sodium phosphate buffer pH 7 (Tschopp et al., 1979) , against 0.01 M-EDTA pH 8 (Konopa & Taylor, 1975) 
Treatment with dimethyl sulphoxide (DMSO).
A 1 nag amount of bovine serum albumin was added to 0.1 ml of a purified PBS Z suspension in tris-l-5 M-KC1. The mixture was then cooled in ice and 0.2 ml DMSO added with continuous stirring. After 10 rain at 0 °C, 3-3 ml tris-l.5 M-KC1 were added and the mixture dialysed for 24 h against tris-l.5 M-KC1 (Cummings et al., 1968) .
Treatment with SDS. SDS was added to 0.1 ml portions of PBS Z in tris-l.5 M-KC1, to final concentrations of 0.02, 0.2 or 2%. The mixtures were incubated for 15 min at 45 °C and dialysed for 24 h against tris-1.5 M-KC1 (Tikhonenko, 1970) .
pH treatment. A sample of 0.5 ml PBS Z in tris-1.5 M-KC1 in a dialysis bag was immersed in 50 ml tris-l.5 M-KC1. The surrounding liquid was adjusted to the desired pH (12-5 or 2.5) and after 10 rain titrated back to pH 7 (A. F. M. Cremers, personal communication).
Gel electrophoresis. Proteins were analysed on vertical slabs (8 × 8 cm), containing either 12.5 % polyacrylamide or else a gradient with 4 to 30 % polyacrylamide. The electrophoresis buffer consisted of 0.04 M-tris, 0.02 M-sodium acetate, 0.002 M-EDTA and 2 g SDS per litre, pH 7.4. Samples were treated for 5 rain at 100°C with 2.5% SDS and 5% flmercaptoethanol. Before staining with 0.04% Coomassie Brilliant Blue in 3.5% perchloric acid, the SDS was removed by soaking the gel for 24 h in a mixture containing 25% isopropanol and 10% acetic acid. Molecular weights were obtained from a commercial calibration mixture containing phosphorylase b (94000), albumin (67000), ovalbumin (43 000), carbonic anhydrase (30 000), trypsin inhibitor (20 100) and ct-lactalbumin (14 400). Slabs with a linear gradient from 2 to 25 % polyacrylamide were used for the analysis of DNA. Electrophoresis was performed in a buffer with 0.04 M-tris, 0-04 M-glycine and 0.002 M-EDTA pH 8.5. DNA was stained by ethidium bromide or methylene blue. As mol. wt.
standards, a commercial restriction endonuclease HindIII hydrolysate of lambda DNA was used.
Column chromatography. Columns with an internal diam. of 1 cm and a bed length of 85 cm were used with various types of Sephadex, i.e. G25, G75, G150 and G200. The buffers used were tris-l. 
RESULTS

Lysis from without
Previous work has shown that defective phages of B. subtilis, such as PBS Z, do not lyse the cell wall (Steensma, 1981) . Therefore, the target must either be the cell membrane or situated in the cytoplasm. In order to investigate the former, vegetative cells and L-forms orB. subtilis 168 Wt were infected with PBS Z and observed under the electron microscope. Lysis or visible damage was not revealed in this way. As the number of receptors on these cells is high (Steensma, 1981) , a mechanism resembling lysis from without (Stent, 1963) , but caused by irreversibly damaged cell membranes instead of cell walls was still possible. As lysis from without usually requires m.o.i.s of approx. 20 or higher (Delbrfick, 1940) , it might be ruled out as the only killing mechanism if the minimal number of phages required for killing a bacterium (killing unit) was considerably lower than this figure. The killing unit was determined by infecting cells at different m.o.i.s and counting the number of surviving cells after incubation by plating. These determinations gave varying figures for the killing unit, despite corrections for growth of the cells during the incubation period, the occurrence of cells in chains and for the number of unadsorbed phages. However, when these results were plotted against the mean number of adsorbed phages per bacterium, the values of each experiment lay on a straight line which on extrapolation to 0, gave a killing unit of 1 (Fig. I) . The simplest explanation for this observation is that the phages are not distributed over the bacteria according to a Poisson distribution even at m.o.i.s below 1, the reasons for which will be discussed later. It is clear from these results that the killing unit is sufficiently low to exclude lysis from without as the only killing mechanism. At high m.o.i.s it might play a role as will be shown later.
Effects on the cell membrane
Many bacteriocidal substances have been reported to react with the cell membrane without causing visible damage. The existence of such reactions was deduced from changes in the membrane potential or the permeability Of the membrane, the latter indicated by leakage of small molecules or changed uptake rates of nutrients. An example of the effect of defective phage PBS Z on the internal and external ATP levels of sensitive B. subtilis cells is displayed in Fig. 2 . It may be seen that, after a short period of leakage, sealing occurred and that the internal ATP concentration became higher than before infection. The increased ATP level might be a consequence of the halting of all macromolecular synthesis within 5 min after infection (Okamoto et al., 1968) .
Sealing was also suggested by the results of experiments on the leakage of u.v.-absorbing material (Fig. 3) . At high m.o.i.s sealing did not take place. It is interesting that at a low m.o.i. leakage of u.v.-absorbing material resumed after approx. 20 min. The .426o/.4280 ratio of this material was approx. 1.9, suggesting that it could be ATP, other nucleotides or breakdown products of nucleic acids. The ATP determinations, although performed on cells in a different physiological condition, indicated that this material was not ATP. At higher m.o.i.s this resumption of leakage was not observed since sealing did not occur. At these m.o.i.s leakage increased with increasing m.o.i. It thus seemed that at the higher m.o.i.s another mechanism, strongly resembling lysis from without, was operative.
The gradual increase of the impact on the cells with increasing number of particles was also observed in the change of the oxygen uptake after the addition of defective phages, as may be seen from blank. These measurements showed that energy metabolism was only slightly affected at low m.o.i.s, corresponding with the observations on the increased intracellular ATP levels.
The functional integrity of the membrane was finally investigated by measuring the influence of the addition of defective phages on the membrane potential. The results, reproduced in Fig. 5 , confirmed the difference between high and low m.o.i,s and showed that at low m.o.i.s the membrane potential was not affected.
It thus appeared that the defective phages might kill sensitive cells by two different mechanisms. As reaction with the cell wall was not lethal (Steensma, 198 l) and effects on the cell membrane were not observed at low m.o.i.s, the biological target for killing at low m.o.i.s might be situated in the cytoplasm. At high m.o.i.s, however, the cell membrane is irreversibly damaged and this may be the primary cause of death at those m.o.i.s.
Identification of active phage components
Attempts were made to localize and isolate the active component or components of the phages, Purified phage components were obtained by CsC1 gradient centrifugation of crude, polyethylene glycol (PEG)-concentrated lysates or purified phage lysates which had been subjected to several mild treatments (Table 1) . The fractions were further purified by a second CsC1 gradient centrifugation. In this way, relatively pure preparations of empty heads, extended tails, contracted tails and contracted sheaths were obtained. From these, extended and contracted tails showed activity as judged by spot tests on vegetative cells and L-forms of B. subtilis 168 Wt. Comparison of these preparations with complete phages by SDS gel electrophoresis gave the location of the proteins in the phage as shown in Table 2 (lane 1).
It was interesting that killing activity partially remained in pH 2.5-treated samples. Sucrose gradient centrifugation confirmed that this activity was not due to remaining phages or tails. Under the experimental conditions phages banded near the bottom of the gradient and tails and heads in the middle. Tail fibres and base plates, if present at detectable levels, were found near the top of the gradients. With samples treated at pH 2.5, activity was only found at the top of the gradient but the top fractions did not contain any discernible structures.
Electrophoresis revealed that, apart from all of the earlier identified phage proteins, DNA was present.
Although Okamoto et al. (1968) showed that the DNA of the phages consisted of host DNA and was not injected, their experiments did not exclude the possibility that a small piece of phage-specific DNA was injected. A similar situation has been described for T5 where, prior to the injection of the main bulk of DNA, approx. 8 % of the phage genome is injected. This DNA codes for proteins required for subsequent uptake of the rest of the phage DNA (Lanni, 1968) . The material treated at pH 2.5 was therefore analysed by gel electrophoresis using a linear gradient with 2 to 25 % polyacrylamide in the gel. Taking a value of 10Wml as the concentration of phages in the lysate before treatment at pH 2.5 and the sensitivity of the staining method as 0. I/lg (Sharp et al., 1973) Effect of defective phages on B. subtilis 
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DNA band was found. The mol. wt. of this DNA was 7.9 x 106 which corresponded with that of phage DNA (Steensma & Sondermeijer, 1977) . Moreover, treatment of the pH 2.5-treated sample with DNase eliminated the DNA band in the gels, but did not abolish killing activity. These results showed that DNA was not responsible for the lethal effect of the phages. Thus, the active component must be proteinaceous. Separation of the proteins in the material treated at pH 2.5 was attempted on samples from which the DNA had been removed by DNase and dialysis. After chromatography on Sephadex columns, the activity was found in the void volume with gel type G25 and completely lost when G75, G100 or G200 were used. This suggested that two or more proteins were involved. In general, two or three peaks were detected, but mixing of the peak fractions did not restore activity. The active components were probably present in quantities too small for optical detection. No attempts were made to mix all fractions in all possible combinations.
Identification of one of the proteins possibly involved in killing was obtained by comparison of PBS X with a non-killing mutant. SDS gel electrophoresis showed that a protein with a mol. wt. of 85 000 was replaced in the mutant by another protein with a tool. wt. of 48 000 (Table  2 ). These proteins occurred as minor bands on the gels, constituting less than 5 % of the phage protein. This might explain why they were not detected during column chromatography. The absence of killing in the mutant could also be due to impaired adsorption to the cell wall or cell membrane. In the first case, L-forms would be killed. Spot tests on vegetative cells and L-forms of B. subtilis RUB 824, which is sensitive to both PBS X and PBS Z, showed that L-forms were resistant to the mutated phages (Table 3) . Electron micrographs showed mutants adsorbed to vegetative cells and L-forms (data not shown). These results indicated that the inability of the mutant to kill was not caused by changed adsorption properties.
DISCUSSION
The killing unit of PBS Z has been shown to depend on the m.o.i. A similar observation was recently reported for PBS H, a defective phage strongly resembling PBS X (Yamakawa et al., 1980) . The effect might be explained if some bacteria adsorbed more phages than would be predicted on the basis of a Poisson distribution. This would result in either a higher survival at the same m.o.i, or in the same survival at a higher m.o.i. Electron microscopy showed that in a culture infected at an m.o.i, of 2, some cells had adsorbed 10 or more phages, whereas the majority had none. It is conceivable that this was caused by resistant bacteria in the culture or by insufficient mixing after addition of the concentrated phage suspension, or was a characteristic of the bacteria.
Introduction of a term for resistant bacteria in the calculations of the killing unit resulted in lines with increased instead of decreased slopes. The lines still gave a killing unit of 1 on extrapolation. Thus, resistant bacteria did not cause the uneven distribution. Phages were added as a concentrated suspension and if adsorption was rapid, insufficient mixing might occur. This was unlikely because the first stage in adsorption is reversible and it took approx. 10 min before 90% of the phages had adsorbed (Steensma, 1981) . Moreover, straight lines were obtained, which seems to rule out such an irreproducible event as bad mixing. Thus, the most likely cause of the uneven distribution was the receptors on the bacteria. The maximum number of bound phages per cell depended only on the surface area of the cells (Steensma, 1981) . Therefore, the binding efficiency of the receptors might vary, which means that binding would be either enhanced by neighbouring receptors with a bound phage, or that the receptors on some cells were more active and preferentially adsorbed phages. The available data do not allow a choice between these possibilities.
At low m.o.i.s, the permeability of the membrane is not affected, apart from a short, initial leakage. The observed sealing reaction is also found with other phages such as T4, but not with ghosts or other bacteriocins. In this respect, PBS Z strongly resembles other phages. With T4 and some others, host metabolism is shut off shortly after infection, the mechanism of which is still unclear. It is conceivable that after PBS Z infection, a comparable mechanism is active, ultimately leading to cell death.
The results indicated that killing was achieved by the reaction of a protein with a cytoplasmic component. This may be a direct reaction of a phage protein penetrating the cell like the colicins E2 (Watson & Sherratt, 1979) and E3 (Senior & Holland, 1971; Bowman et al., 1971) , or an indirect reaction by transfer of a signal. Hormones act from the outside on enzymes at the inside of the cell membrane (Rodbell, 1980) and are a good example of the latter mechanism. The observed initial leakage of ATP suggests uptake of phage molecules but this is difficult to reconcile with the killing of L-forms by reversibly adsorbed, extended phages (Steensma, 1981) . Further research into this question and into the nature of the cytoplasmic target will be facilitated by using the purified, active protein.
SDS gel electrophoresis of purified PBS X showed ten proteins, with three strong and seven weaker bands. The relative positions of the three strong and four of the weaker bands corresponded reasonably well with a previously reported protein profile of PBS X, although the estimated mol. wt. differed considerably (Thurm & Garro, 1975) . For instance, the mol. wt. of the main tail protein was reported as 71 500 (Thurm & Garro, 1975) , which is much higher than the 50000 estimated by Cremers et al. (1978) and the 58 000 from Table 2 . The reason for this discrepancy is unclear, but might be caused by a difference in purity of the phage preparations or by the use of different tool. wt. standards. The presence of a protein with a lower mol. wt. in the kill-mutant (48 000 instead of 85 000 in the wild-type) suggests that the xki-mutation causes chain termination which is consistent with the fact that this mutant was made by ethyl methane sulphonate mutagenesis (Buxton, 1976) .
Comparison of the proteins from PBS X and PBS Z showed that the phages had most of the proteins in common, including that connected with killing activity. It is interesting to note that the tool. wt. of two of the proteins in which the phages differ, 109000 in PBS Z and 76000 in PBS X, have approx, the same ratio as the tail length of the phages, which are 255 nm and 200 nm for PBS Z and PBS X respectively . It might be interesting to investigate whether such relationships are present in other defective phages of this type which have different tail length, i.e. in PBS V, PBS W and PBS Z.
The technical assistance of Wilma Batenburg-v.d.Vegte and Lesley A. Robertson was greatly appreciated. I thank Dr Yasbin and Dr Buxton for sending their Bacillus strains and Dr Waggoner for his gift of 3,3'-dipropyl-2,2'-thiadicarbocyanine ciodide.
